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The excretory cell extends a tubular process, or canal, along the basolateral surface of the epidermis to form the nematode
renal epithelium. This cell can undergo normal tubulogenesis in isolated cell culture. Mutations in 12 genes cause excretory
canal cysts in Caenorhabditis elegans. Genetic interactions, and their similar phenotypes, suggest these genes may encode
functionally related proteins. Depending upon genotype and individual canal, defects range from focal cysts, flanked by
normal width segments, to regional cysts involving the entire tubule. Oftentimes the enlarged regions are convoluted or
partially septated. In mutants with very large cysts, renal function is measurably impaired. Based on histology and
ultrastructure, canal cysts likely result from defects of the apical membrane domain. These mutants provide a model of
tubulocystic disease without hyperplasia or basement membrane abnormalities. Similar apical mechanisms could regulate
tubular morphology of vertebrate nephrons. © 1999 Academic PressKey Words: renal epithelium; excretory canals; polycystic kidney disease; tubulogenesis; nematode.
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Renal organs regulate water and ionic content and elimi-
nate metabolic wastes and xenobiotics by sorting urine for
excretion. Although they vary widely in size, all renal
epithelia comprise fluid-filled tubules with a high length to
circumference ratio (ca. 200:1) and a uniform caliber along
each segment (Ruppert and Smith, 1988). By maximizing
surface area and minimizing fluid mixing, the tubular shape
facilitates molecular sorting of the primary urine as it
moves unidirectionally along the lumen toward its dis-
charge. Like other epithelia, the apical (lumenal) and baso-
lateral surfaces of renal tubules have specialized composi-
tion and function. In higher animals, each segment of the
tubule has distinct cell types with characteristic roles in
urine formation.
Renal epithelia must balance the hydrostatic and osmotic
forces on their surfaces to maintain their tubule shape. In
the vertebrate kidney, nephrons form abnormal, fluid-filled
cysts in response to various environmental or hereditary
factors (Bernstein, 1990). Once initiated, these cysts can
e
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All rights of reproduction in any form reserved.nlarge to macroscopic dimensions, distorting adjacent tu-
ules and impairing renal function. Several general mecha-
isms have been proposed for cyst initiation or enlargement
Calvet, 1998; Torres, 1998; Welling, 1990). Fluid accumu-
ation, caused by an imbalance of glomerular filtration and
ntratubular secretion over reabsorption and outflow, might
rive enlargement of the tubule. Decreased resistance to
ormal transtubular hydrostatic pressure, often attributed
o increased compliance of the basement membrane sur-
ounding each tubule, might also permit enlargement. Fi-
ally, epithelial hyperplasia, which is always associated
ith cyst enlargement, might initiate cyst formation.
Beyond its prevalence and health impact, hereditary poly-
ystic kidney disease provides a means for identifying the
olecular mechanisms of tubulogenesis and cyst forma-
ion. To date, some 15 genetic loci have been implicated in
uman renal cystic disease or its murine models (Aziz,
995; Reeders, 1992). PKD1, the gene responsible for most
ases of autosomal dominant polycystic kidney disease,
ncodes a presumptive membrane channel with an excep-
ionally large extracellular domain (Burn et al., 1995;
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228 Buechner et al.Glu¨cksmann-Kuis et al., 1995; Hughes et al., 1995). This
rotein, designated polycystin, is expressed in the renal
pithelium and various extrarenal tissues (Geng et al., 1996;
riffin et al., 1996; Ibraghimov-Beskrovnaya et al., 1997;
Palsson et al., 1996; Peters et al., 1996; Van Adelsberg et al.,
1997; Ward et al., 1996; Weston et al., 1997). PKD2,
responsible for some additional cases of autosomal domi-
nant polycystic kidney disease, encodes a second member
of the polycystin family (Mochizuki et al., 1996). The
products of several similar genes, and other loci associated
with renal cystic disease have been identified (Latif et al.,
1993; Nellist et al., 1993; Nomura et al., 1998; Onuchic et
al., 1995; Wu et al., 1998). The functions of these various
proteins in renal tubulogenesis and cystic disease remain
largely unknown.
The excretory cell and its associated gland, duct, and pore
cells form the nematode renal system (Chitwood and Chit-
wood, 1974; Nelson et al., 1983). The excretory cell extends
tubular processes, called canals, along the basolateral sur-
face of the epidermis. Although measurements of the intra-
tubular fluid have not been possible, indirect evidence
indicates that these canals function in osmoregulation and
waste elimination (Broeks et al., 1995; Nelson and Riddle,
1984). Here we describe mutations in 12 genes that cause
excretory canal cyst formation in Caenorhabditis elegans.
Genetic interactions, and their similar phenotypes, suggest
these genes may encode functionally related proteins.
The cystic canal mutants identify a novel morphoregula-
tory mechanism acting at the apical surface of the excretory
cell. Cysts are associated with defects in the apical mem-
brane cytoskeleton and intralumenal matrix of the canal.
By contrast, the basolateral surface and membrane ele-
ments implicated in renal function appear mostly normal.
Thus, these mutants provide a model of tubulocystic dis-
ease where epithelial hyperplasia and basement membrane
compliance are not at issue. Two cyst loci, let-653 and
sma-1, were recently found to encode a mucin-like secreted
protein and a homolog of Drosophila bH-spectrin, respec-
tively (Jones and Baillie, 1995; McKeown et al., 1998). We
suggest that similar products may regulate tubulogenesis in
vertebrate nephrons.
MATERIALS AND METHODS
Nenatode culture and genetics. C. elegans strains were rou-
tinely cultured on lawns of E. coli strain OP50 grown on nematode
growth medium (NGM) plates (Sulston and Hodgkin, 1988). For
some experiments, strains were cultured on low-osmolality nema-
tode growth medium (LO-NGM): 5 mM potassium phosphate
buffer at pH 6, 1 mM CaCl2, 1 mM MgSO4, 5 mg/ml cholesterol,
and 1.7% dialyzed Bacto-Agar. Nematodes were mutagenized with
ethylmethanesulfonate or g-irradiation (Sulston and Hodgkin,
988).
Reference alleles used for mapping include: bli-6(sc16), daf-
(e1372), daf-12(rh84), dpy-1(e1), dpy-6(e14), dpy-8(e130), dpy-
0(e128), dpy-13(e184), dpy-20(e1282), fem-3(q22), him-4(e1267),
mec-2(e1084), mig-5(rh147), sup-28(e2058), unc-4(e120), unc-5(e53),
Copyright © 1999 by Academic Press. All rightunc-22(e66), unc-24(e138), unc-27(e155), unc-31(e169), unc-
42(e270), unc-45(e286), unc-54(e190), unc-115 (mn481), and unc-
128(rh110).
From two-factor mapping, we obtained the following distances:
exc-4(rh133) (1/76) unc-54, exc-5(n2672) (1/32) unc-31, exc-6(rh103)
(3/40) dpy-1, exc-7(rh252) (2/42) dpy-10, exc-8(rh210) (1/40) unc-27,
exc-8(rh210) (4/40) unc-128, and exc-9(n2669) (9/124) dpy-13.
From three-factor mapping, we obtained the following gene
orders: daf-12 (10/10) (unc-128 exc-1(rh26)), dpy-8 (2/15) exc-
2(rh90) (13/15) mec-2, unc-27 (4/12) him-4 (1/12) exc-3(rh207) (7/12)
daf-12, dpy-6 (4/6) exc-3(rh207) (2/6) unc-115, dpy-13 (11/11)
(unc-24 exc-5(n2672)), dpy-13 (16/26) exc-5(rh232) (10/26) unc-31,
unc-45 (6/51) daf-7 (10/51) exc-6(rh103) (35/51) dpy-1, dpy-10 (3/7)
mig-5 (4/7) exc-7(rh252) (0/7) unc-4, (exc-9(n2669) unc-24) (29/29)
dpy-20, unc-5 (12/20) exc-9(n2669) (8/20) fem-3, and bli-6 (3/3)
(unc-24 exc-9(n2669)).
From complementation tests, we determined the following:
exc-1 is deleted by mnDf1, mnDf2, mnDf4, mnDf8, mnDf11,
mnDf13, mnDf17, mnDf42, and mnDf43, but not by mnDf5,
mnDf7, mnDf9, mnDf10, mnDf15, mnDf18, mnDf19, mnDf20,
mnDf21, or mnDf41, and is duplicated by mnDp1; exc-2 is dupli-
cated by mnDp31; exc-3 is deleted by nDf19; exc-4 is deleted by
eDf6, eDf7, and eDf12, but not by eDf9 or eDf16; exc-5 is deleted by
eDf18 and eDf19, but not by mDf7, sDf2, and sDf22; exc-6 is
neither deleted by yDf10 nor duplicated by sDp3; exc-7 is deleted
by mnDf16, mnDf58, mnDf66, and mnDf89, but not by mnDf27,
nDf59, mnDf68, mnDf71, and mnDf83; exc-9 is not deleted by
Df18, eDf19, mDf7 or sDf22.
Light and electron microscopy. Excretory canals were exam-
ned in living nematodes by DIC microscopy (Sulston and Hodgkin,
988). For examining the lumenal glycocalyx, adult nematodes
ere fixed whole in formaldehyde, permeabilized and stained with
ITC-conjugated wheatgerm agglutinin (Hedgecock et al., 1990),
nd then examined by epifluorescence microscopy mounted in
.5% 1,4-diazobicyclo-[2,2,2]octane (DABCO) in phosphate-
uffered saline.
For electron microscopy, L4 larvae and young adults were cut in
idbody and fixed immediately in buffered (100 mM Hepes, pH
.5) 3% glutaraldehyde, followed by postfixation in buffered 1%
sO4 (Hall, 1995; Sulston and Hodgkin, 1988). After encasement in
% agar, samples were dehydrated and embedded in Polybed 812
esin (Polysciences). Serial sections, ca. 70 nm, were poststained in
ranyl acetate followed by lead citrate.
Cell culture. Embryos were isolated from gravid adults by
lkaline hypochlorite digestion (Sulston and Hodgkin, 1988) and
ashed three times in M9 buffer. After resuspension in 75%
eibovitz’s L-15 medium without fetal bovine serum, embryos
ere sheared by three passes through a 27-gauge 12-in syringe needle.
The resulting cell suspension was plated onto No. 1 glass coverslips
that had been treated overnight in 1 mg/ml peanut lectin (Sigma)
and then rinsed in distilled water. After incubation at 25°C for 12
to 48 h, the coverslips were examined by DIC microscopy for
differentiated, adherent cells. Most major cell types, including
neurons, muscles, and epithelial cells, are recognizable in these
cultures.
RESULTS
Development and Cytology of the Excretory Canals
From the ventral epidermis in the head, the excretory cell
extends a process, or canal, dorsally on either side during
s of reproduction in any form reserved.
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229Genes Causing Nematode Renal Cystsembryogenesis (Hedgecock et al., 1987). Upon reaching the
lateral epidermis, these canals bifurcate and grow anteriorly
and posteriorly for nearly the length of the animal. The
longer, posterior canal reaches epidermoblast V3 by hatch-
ing, and V6p by the end of the first larval stage, completing
its active outgrowth. Hence, active outgrowth at its tip
accounts for less than one-third of the adult canal length,
while passive stretching caused by expansion of the epider-
mis accounts for the rest. In the adult, the anterior canals
are approximately 100 mm in length by 1 mm in diameter,
hile the posterior canals are 1000 by 2 mm, respectively.
Each canal comprises a fluid-filled channel surrounded by
thin, continuous wall of cytoplasm (Nelson et al., 1983).
he shape of the channel can vary from a collapsed tube,
bout 1 by 0.1 mm across, when empty of fluid, to a nearly
ound cylinder, over 1 mm in diameter, when inflated (Figs.
1 and 7a). The channels, which are closed at the canal
endings, collect within the cell body and empty into the
excretory duct. The excretory gland cell secretes periodic
acid/Schiff-reactive material, possibly protective mucins,
into the collecting sinus and duct.
The apical and basolateral surfaces of the excretory canals
have several ultrastructural specializations (Figs. 1 and 7a).
The apical membrane cytoskeleton forms a continuous
scaffold around the channel, while a broader region is filled
with canaliculi, i.e., membrane organelles with periodic
cytoplasmic projections resembling vacuolar proton pumps
(Heuser et al., 1993), which open into the channel. The
FIG. 1. Comparison of (left) nematode excretory canal and (right)canaliculi vary from convoluted cylinders (ca. 50 nm diam)
to chains of fused vesicles (ca. 90 nm diam); the cause for
a
t
Copyright © 1999 by Academic Press. All rightonversion between these states is unknown. Both the
ain channel and canaliculi contain a lightly staining,
morphous material which may correspond to the lumenal
lycocalyx seen by fluorescence microscopy with FITC-
onjugated wheatgerm agglutinin (Hedgecock et al., 1990).
The excretory canals run between the epidermis and its
asement membrane (Figs. 1 and 7a). About 60% of the
uter circumference (basolateral domain) contacts the epi-
ermis (lateral subdomain) while the rest contacts the
asement membrane (basal subdomain). Gap junctions
ith the epidermal cells occupy almost one-half of the
ateral subdomain. Up to 20 microtubules run along the
xis of the canal. Mitochondria are concentrated near the
asolateral surface, evidently because canaliculi exclude
hese organelles from nearer the channel. The canals have
o obvious regional specialization. Both canaliculi and gap
unctions are found along the entire canal, while endosomes
re concentrated at the canal endings.
The excretory cell can undergo tubulogenesis in isolated
ell culture. Using conditions developed for neuron culture,
e examined canal development in vitro (see Experimental
rocedures). Briefly, mechanically dissociated embryonic
ells were plated at low density onto peanut lectin-coated
overslips and examined after 12 to 48 h by DIC micros-
opy. Excretory cells are represented in these cultures at
pproximately their ratio in the intact embryo of 1 excre-
ory cell:222 neurons (Sulston et al., 1983). Each cell forms
brate renal tubule (cf. Hedgecock et al., 1987; Nelson et al., 1983).straight, unbranched canal with a continuous channel
hrough cell body and process (Fig. 2).
s of reproduction in any form reserved.
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230 Buechner et al.Mutant Isolation, Complementation, and Mapping
Using DIC microscopy to screen mutagenized popula-
tions for rare individuals with abnormal excretory canals
FIG. 2. DIC micrographs of excretory cells cultured on peanut
ectin-coated coverslips in 75% Lebovitz’s L-15 medium. In this
xperiment, we catalogued more than 300 presumptive neurons,
.e., small cells with typically a single, unbranched axon from 5 to
0 mm in length with an obvious growth cone. On these same
coverslips, we also found two, well-isolated cells (shown here) with
tubular processes unique to excretory cells. A single, continuous
channel appears open to the medium at the cell body (arrow), but is
closed at the canal ending (arrowhead). Bar, 10 mm.
ABLE 1
. elegans Mutants with Cystic Excretory Canals
Gene Chr. Allelesa
exc-1 X rh26 Focal cys
exc-2 X rh90, rh105, rh209, rh247 Moderate
exc-3 X rh196, rh207, rh242, rh251 Slight, re
rh186 Usually n
exc-4 I rh133, n561, n2400 Severe, r
exc-5 IV rh232, rh275, n2672 Focal cys
exc-6 III rh103 Frequent
exc-7 II rh252 Very slig
xc-8 X rh210 Moderate
xc-9 IV n2669 Moderate
et-4 X mn105 Severe, r
et-653 IV s1733, s2270 Severe, r
ma-1 V e30, rh248, rh249, rh250 Slight, rea All alleles were induced with ethylmethanesulfonate excepting g-ra
Copyright © 1999 by Academic Press. All rightsee Materials and Methods), we isolated 19 independent,
iable mutants with tubulocystic defects. An additional
our mutants were generously provided by A. Chisholm
M.I.T.). These 23 recessive mutations define 10 comple-
entation groups (Table 1). Using a reference allele from
ach group, genetic map positions were determined from
wo- and three-factor crosses to known markers (see Mate-
ials and Methods). In some cases, these positions were
efined by complementation tests with known deficiency
Df) or duplication (Dp) chromosomes. Based upon their
ap positions and phenotypes, these complementation
roups represent nine new genes, designated exc-1 to exc-9,
lus a known locus, sma-1 (Fig. 3). Finally, we discovered
dventitiously that a let-4 mutation causes large canal cysts
ombined with early larval arrest and learned from Steven
ones that let-653 mutations cause a similar phenotype
(Jones and Baillie, 1995). We include, for completeness, a
characterization of the canal cysts in these inviable mu-
tants.
Canal Phenotypes
We examined the posterior excretory canals by DIC
microscopy in first-stage larvae and for viable alleles in
young adults as well (Figs. 4 and 5). Canal outgrowth
generally begins normally; i.e., the left and right canals
reach the lateral epidermis and bifurcate, creating an
H-shaped canal system. Cysts first appear in late embryo-
genesis (ca. 600 min), about the time of tubulogenesis in
wild type (Durbin, 1987). Once formed, they persist stably
and enlarge gradually throughout larval and adult stages.
With exceptions noted below, mutant canals undergo little
or no active outgrowth after hatching. Consequently, the
posterior canals generally end near the V3 descendents even
in adults. As detailed below, cyst shape, size, and distribu-
Canal and other phenotypes
ften near canal ending.
ional enlargement with frequent septations.
al enlargement with frequent convolutions. Abnormal tailspike.
ystic but slightly shortened canal.
al enlargement with frequent septations. Larval sublethal.
ften near canal ending.
nel branches.
gional enlargement with frequent septations.
ional enlargement with occasional septations. Channel branches.
ional enlargement with occasional septations.
al enlargement with frequent septations. Early larval lethal.
al enlargement with frequent septations. Early larval lethal.
al enlargement with rare septations. Abnormal epidermis.ts, o
, reg
gion
onc
egion
ts, o
chan
ht, re
, reg
, reg
egion
egion
giony mutations rh207 and rh232.
s of reproduction in any form reserved.
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231Genes Causing Nematode Renal Cyststion along the canals vary by gene and allele and, to a lesser
degree, among individuals of identical genotype.
We examined the lumenal glycocalyx by fluorescence
microscopy with FITC-conjugated wheatgerm agglutinin
(see Materials and Methods) (Fig. 6) and cyst ultrastructure
by transmission electron microscopy (Figs. 7 and 8). In
several of the cystic mutants, the channel cytoskeleton and
matrix are fragmented or otherwise disorganized. By con-
trast, apical and lateral membrane elements implicated in
canal physiology, i.e., canaliculi and gap junctions, appear
generally normal, and, except for exc-5, the basal subdo-
main is normal as well. Finally, we found no evidence of
reversed apicobasal distribution for any canal elements.
exc-1 and exc-5
In exc-1(rh26) and all three exc-5 alleles, the canals often
form one or more large focal cysts while adjacent regions
maintain normal size and cytology (Figs. 4B and 4G). These
cysts may occur anywhere along the lateral canals but are
most frequent near the canal endings. Under favorable
conditions, patent connections are visible between indi-
vidual cysts and the noncystic channel. As they enlarge, the
cysts assume a nearly spherical shape. Neighboring cysts
never fuse together, but remain separated by thin cytoplas-
mic walls (septa). The largest cysts (ca. 40 mm diam) are
visible using only a dissection microscope.
In exc-1(rh26) and exc-5(rh232), the channel cytoskeleton
surrounding large cysts is fragmented and incomplete while
it appears more normal in the noncystic canal nearby. By
fluorescence microscopy, the lumenal glycocalyx is distrib-
FIG. 3. C. elegans genetic map. Excretory canal mutants are
hown in boldface; rearrangements are shown beneath each chro-
osome. Cosmid ZK945 and YAC Y40H7 are shown for reference
see Discussion).uted unevenly in the cysts, concentrating on the cyst
membrane nearest the cell body, while the noncystic chan-
Copyright © 1999 by Academic Press. All rightnel has bright, uniform staining (Figs. 6C and 6F). In exc-5,
the canal cytoplasm contains occasional, large deposits of
amorphous material resembling the channel cytoskeleton
(Fig. 7B). The canals may detach from the basement mem-
brane, to become completely surrounded by epidermis, in
these regions.
exc-2, exc-4, let-4, and let-653
In these four loci, the canals are highly enlarged along
their entire length with deep, partial septa between indi-
vidual cysts (Figs. 4C, 4F, and 4H). Both cyst size and renal
dysfunction (described below) increase in the series wild
type , exc-2 , exc-4 , let-4, let-653. In exc-2 and exc-4, the
canals undergo little or no passive stretching with the
epidermis and consequently end well short of the V3
descendants in the adult. In exc-2(rh90) and exc-4(rh133),
the channel cytoskeleton is variable in thickness, and
frequently absent, along the entire channel (Figs. 7D and
7E). The distributions of the canaliculi and lumenal glyco-
calyx along the channel are uneven (Fig. 6E). In exc-2,
matrix material sometimes accumulates within the cyst
lumen proper.
We compared the growth and reproduction of several of
these mutants in media of various osmolality. Wild-type
larvae can survive indefinitely in LO-NGM, nominally 25
mOsM, or even distilled water; with the addition of pre-
grown bacteria, they grow and reproduce at normal rates on
LO-NGM plates. Conversely, growth and reproduction on
regular NGM, nominally 200 mOsM, are unaffected by
addition of up to 0.2 M NaCl or 0.4 M sorbitol; the upper
limit for survival and reproduction is about 0.4 M NaCl or
0.8 M sorbitol.
In let-4(mn105) and let-653(s1733) cultured on regular
NGM plates, most larvae arrest during the first larval stage,
although some arrest before hatching or soon after the first
molt. In exc-4(rh133), the brood size is reduced; only two-
thirds of these embryos become fertile adults, the remain-
der arresting at various larval stages. These arrested larvae
have a syndrome of slowed movement, pale posterior epi-
dermis, and fluid accumulation in the pseudocoelom and
tissues which we attribute to renal insufficiency. In exc-
2(rh90) cultured on regular NGM plates, the brood size is
normal and most embryos become fertile adults. Survival
and growth of both exc-2(rh90) and exc-4(rh133) animals are
significantly impaired, however, in NGM media of either
reduced or elevated osmolality. Again, the arrested larvae
exhibit symptoms of renal insufficiency. Finally, the size
and morphology of canal cysts in these mutants are insen-
sitive to the growth medium.
exc-3
In most exc-3 alleles, the canals are moderately enlarged
along their entire length with frequent convolutions and
shallow septa (Figs. 4D and 5B). Occasionally, the canal
lumen splits into two channels which fuse again slightly
s of reproduction in any form reserved.
e232 Buechner et al.FIG. 4. DIC micrographs of cystic excretory canals at low magnification. Left lateral aspects showing posterior excretory canals.
Noncystic segments are outlined with arrowheads. Except where noted, animals are young adults. (A) Wild type, (B) exc-1(rh26), (C)
xc-2(rh90), (D) exc-3(rh207), (E) exc-3(rh186), (F) exc-4(rh133), (G) exc-5(rh232), and (H) let-4(mn105) L1 larva. The premature canal ending
in (E) is shown by an arrow. Bar, 10 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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233Genes Causing Nematode Renal Cystsfarther from the cell body. In exc-3(rh196), the channel
cytoskeleton and matrix appear normal and the lumenal
glycocalyx appears bright and uniform by fluorescence
microscopy. Finally, in an exceptional allele, exc-3(rh186),
the canals are slightly short, ending near the V5 descen-
dents, but usually normal in width (Fig. 4E).
exc-6 and exc-8
In exc-6(rh103), the canals are often normal in width, but
the lumen frequently splits into multiple channels which
later fuse together or leave a blind ending (Figs. 5C and 8). In
exc-8(rh210), the canals are slightly enlarged and convo-
luted along their lengths, while the lumen forms multiple
channels and blind endings, although at lower frequency
than in exc-6. Even within a single individual, the posterior
canals vary remarkably in length in both mutants, ending
anywhere from V1 to V6 descendants. Finally, the channel
FIG. 5. DIC micrographs of cystic excretory canals at high magnifi
adults. Noncystic segments are outlined with arrowheads. (A)
exc-9(n2669), and (F) sma-1(e30). Bar, 10 mm.cytoskeleton and lumenal glycocalyx appear normal in both
(Figs. 6G and 8).
Copyright © 1999 by Academic Press. All rightexc-7
In exc-7(rh252), the canals are very slightly enlarged along
their entire length with frequent septa (Fig. 5D). Along the
canal, the channel cytoskeleton and matrix are generally
normal. Near the canal ending, however, the lumen usually
splits into multiple, irregular channels and the lumenal
cytoskeleton often separates from the channels (Fig. 7F).
Finally, the mutant canals contain large numbers of endo-
somes, especially near their endings.
exc-9 and sma-1
In exc-9(n2669) and all four sma-1 alleles examined, the
canals are often moderately enlarged (ca. 5 mm diam) along
their entire length with occasional, shallow septa (Figs. 5E,
5F, and 6H). In sma-1(e30), the channel cytoskeleton often
separates from the membrane and appears fragmented in
n. Left lateral aspects showing posterior excretory canals in young
d type, (B) exc-3(rh207), (C) exc-6(rh103), (D) exc-7(rh252), (E)catioplaces (Fig. 7C). The sma-1 alleles rh248, rh249, and rh250,
selected for their canal phenotypes, resemble this reference
s of reproduction in any form reserved.
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234 Buechner et al.allele in both canal and epidermal phenotypes (described
below).
Other Phenotypes
exc-3, exc-8, and sma-1 mutants have additional pheno-
types unrelated to the excretory system (Table 1). In all
FIG. 7. Electron micrographs of cystic excretory canals. High (A,B
ild type. The canal shows characteristic specializations of the
xc-5(rh232). The canal has lost all contact with the basement me
pical cytoskeleton (star) and a large endosome (arrow) are visible b
reduced and fragmented, while canaliculi extend farther than no
canaliculi are distributed irregularly around a greatly enlarged chan
the cell body, the channel is greatly enlarged and divided by partial
FIG. 6. Fluorescence micrographs of cystic excretory canals staine
both posterior canals at low magnification: (A) Wild type, (B) exc
magnification: (D) wild type, (E) exc-2(rh90), (F) exc-5(rh232), (G) einto five separate parts; several endosomes (arrows) are also present. A
basement membrane; ca, canaliculi; ep, epidermis; gj, gap junction; lu,
Copyright © 1999 by Academic Press. All rightexc-3 mutants, excepting the hypomorphic allele rh186, the
tail-spike epidermis is malformed at hatching, i.e., short
and rounded or split into two spikes, and becomes visibly
necrotic with successive molts. This phenotype probably
reflects a defect in the embryonic tailspike cells themselves
(Sulston et al., 1983). In exc-8(rh210), the attachment
between buccal and pharyngeal epidermis is mechanically
low magnification (D,E,F) cross-sections of the posterior canal. (A)
al domain and the lateral and basal subdomains (cf. Fig. 1). (B)
ane in this section; an ectopic deposit of material resembling the
th the lateral surface. (C) sma-1(rh248). The apical cytoskeleton is
from the channel. (D) exc-2(rh90). The apical cytoskeleton and
morphous material is present in the lumen. (E) exc-4(rh133). Near
a. (F) exc-7(rh252). Near the end of the canal, the channel has split
h FITC-conjugated wheatgerm agglutinin. Ventral aspects showing
133), and (C) exc-5(rh232). Segments of individual canals at high
rh210), and (H) sma-1(e30). Bars, 10 mm.,C) or
apic
mbr
enea
rmal
nel; a
septd witbbreviations and symbols: arrowheads, apical cytoskeleton; bm,
lumen; and p, pharynx. Bars, 0.5 mm.
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236 Buechner et al.fragile and occasionally fails at the onset of pharyngeal
pumping. The migrations of certain mesoblasts (e.g., cc) and
neuroblasts (e.g., AVM) on the epidermis are frequently
incomplete. In sma-1, the elongation of the epidermis
uring embryogenesis, particularly smaller epidermal cells
overing the head and tail, is incomplete. Recently, defects
n the postembryonic morphogenesis of the epidermis have
lso been reported (McKeown et al., 1998).
Allele Comparisons and Gene Interactions
For many genes, dosage reduction is a sensitive test for
possible residual activity in loss-of-function alleles. Eight
genes, exc-1, exc-3, exc-4, exc-5, exc-7, let-4, let-653, and
sma-1, map to regions for which deficiency chromosomes
are available. Using the reference alleles of these genes, we
compared excretory canal cysts and other phenotypes in
exc/exc and exc/Df larvae. No enhancement of phenotype
was observed when gene dosage was reduced from two to
one, indicating that these are likely null alleles.
exc-3(rh186) has milder canal defects than the remaining
four alleles and no tailspike malformation (Table 1). Both
the canal and tailspike phenotypes are enhanced in het-
erozygotes rh186/rh207 and rh186/nDf19 over a presump-
tive null allele and chromosomal deficiency, respectively.
FIG. 8. Serial electron micrographs of excretory canal in exc-
6(rh103) adult. (A) The canal has a single, irregular channel. (B)
About 0.35 mm posterior, the channel has split into separate parts,
ach with an entire apical cytoskeleton. (C) About 0.5 mm farther
posterior, the channels have rejoined. Bar, 0.2 mm.Interestingly, heterozygotes 1/rh207 and 1/nDf19 over a
wild-type chromosome have a mild canal defect similar to
(
t
Copyright © 1999 by Academic Press. All righth186 homozygotes; this indicates that exc-3(1) is not fully
aplosufficient.
We constructed a variety of double mutants to detect
ossible functional interactions between cyst loci. First, we
ombined mutants with morphologically similar excretory
anal cysts. We observed no enhancement or suppression of
henotype in exc-1(rh26) exc-5(rh232), exc-2(rh90) exc-
4(rh133), or exc-6(rh103) exc-8(rh210) double homozygotes
compared with the single mutants. In particular, there were
no qualitative changes in cyst size or morphology, nor an
increase in larval lethality. Second, exc-7(rh252), which
alone causes only a very slight canal enlargement, can
enhance or suppress the canal phenotypes of various cyst
loci. In double homozygotes with exc-3(rh207), exc-
9(n2669), or sma-1(30), which alone cause only slight or
moderate enlargement and shortening of the canals, exc-7
prevents nearly all canal outgrowth. In similar experiments,
we were unable to recover fertile double homozygotes from
exc-7/dpy-10 exc-1/exc-1 or exc-7/dpy-10 exc-5/exc-5 her-
maphrodites, suggesting these combinations are inviable or
sterile. Finally, exc-7 appears epistatic to exc-6; the double
homozygotes exhbit no channel spurs, only a series of small
cysts along the entire canal length.
DISCUSSION
The various shapes of epithelia reflect their different
physiological roles. In renal epithelia, a tubular shape
reduces mixing and facilitates the molecular sorting of
urine moving along the nephron. Receptors on the epithe-
lial cell membranes linking the extracellular matrices and
intracellular filaments help determine the shape and size of
these tubules (Saxe´n, 1987). On the basolateral surface,
integrins mediate adhesion to the laminin-based basement
membrane. Less is known about the receptors and extracel-
lular polymers on the apical surface or their contributions
to tubule morphology. As in other epithelia, the dynamical
interface between apical and basolateral domains, centered
on the zonula adherens, can accomodate both cell move-
ments within the epithelial plane and changes in surface
curvature (Podbilewicz and White, 1994; von Kalm et al.,
1996).
The nematode excretory cell affords a unique opportunity
to study tubulogenesis and cyst formation in a unicellular
epithelium. In C. elegans, the cystic canal mutants identify
a novel morphoregulatory mechanism acting at the apical
surface of the excretory cell. Recently, several genes caus-
ing epithelial cysts in vertebrate kidney have been molecu-
larly characterized (Burn et al., 1995; Glu¨cksmann-Kuis et
l., 1995; Hughes et al., 1995; Latif et al., 1993; Lohning et
al., 1997; Mochizuki et al., 1996; Moyer et al., 1994; Nellist
et al., 1993; Onuchic et al., 1995; Pennekamp et al., 1998;
andford et al., 1997; Wu et al., 1997). Although some
iochemical functions of these proteins have been adduced
Bycroft et al., 1999; Kim et al., 1999; Parnell et al., 1998),
heir roles in tubulogenesis and cyst pathogenesis remain
s of reproduction in any form reserved.
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237Genes Causing Nematode Renal Cystselusive. From a comparison of mutant phenotypes, we
suggest that renal cysts in nematodes and vertebrates could
result from common defects in tubulogenesis.
Genes Required for Renal Tubulogenesis
Recessive mutations in 12 known genes cause tubulocys-
tic defects in the excretory canal (Table 1); except for exc-6
and exc-8, these canal phenotypes appear completely pen-
trant. Five genes, exc-2, exc-3, exc-4, exc-5, and sma-1,
ach have three or more independent isolates, indicating
hat we have identified most loci that readily yield viable
lleles with canal cysts. Another five genes, however, have
ut one known, viable allele, indicating further loci, afford-
ng smaller mutational targets, remain to be found. Two
enes, let-4 and let-653, have inviable alleles with excep-
tionally large cysts; this indicates that additional tubulo-
genesis genes may be discovered by examining early larval
lethal mutants. Finally, mutants with essential embryonic
functions would be overlooked in these screens if they
arrest before tubulogenesis.
The genes described here likely encode functionally re-
lated proteins. In many cases, the excretory canal cysts in
different mutants are similar or indistinguishable by light
and electron microscopy. Unexpectedly, exc-7, a seemingly
mild mutation, dramatically enhances the canal pheno-
types of several other cyst loci, suggesting they affect a
common process. Finally, at least two cyst loci have pleio-
tropic phenotypes in other epithelia. In exc-3, morphogen-
esis of the microtubule-filled, apical process of the tailspike
epidermal cells is defective, while in sma-1, morphogenesis
is defective throughout the epidermis. Conceivably, epithe-
lia of various shapes, both external and internal, utilize
related morphoregulatory mechanisms.
Each genotype has a characteristic canal morphology,
usually with large individual variations in cyst size, shape,
and position. In exc-1 and exc-5, the cysts are focal and
early spherical. By contrast, in exc-2, exc-3, exc-4, exc-7,
xc-8, exc-9, let-4, let-653, and sma-1, the canals typically
nlarge over large regions or their entire length. The size of
hese cysts in adults varies by genotype in roughly the
equence wild type , exc-7 , exc-8, exc-9, sma-1 , exc-3 ,
exc-2 , exc-4. Conceivably, the cysts in let-4 and let-653
would be larger yet if these mutants survived to adult. In
exc-9 and sma-1, the canals enlarge nearly uniformly, but in
the other mutants, they are separated into many individual
cysts by thin, incomplete walls of cytoplasm. These septa-
tions give the canal a distinctly twisted or “corkscrew”
appearance. In favorable cases, where individual twists
could be assigned a definite handedness, they appear to
occur with either helical sense (data not shown).
Interestingly, both spherical and corkscrew cysts have
been described in polycystic kidney disease (Evan and
McAteer, 1990). We suggest these shapes represent univer-
sal responses of tubular epithelia to cystic deformation. In
particular, corkscrew cysts could result from inflating tu-
bules lacking inelastic longitudinal elements on one side,
Copyright © 1999 by Academic Press. All rightwhile spherical cysts could arise at sites where all anisotro-
pic constraints on tubule shape are disrupted.
Tubular Shape Facilitates Renal Function
The nematode excretory system, like the renal organs of
other animals, may regulate water and ionic content and
eliminate metabolic wastes and xenobiotics (Broeks et al.,
1995; Nelson and Riddle, 1984; Singh and Sulston, 1978).
Living in the rhizosphere, C. elegans confronts solutions
anging from dilute rainwater to concentrated evaporates. It
dapts to low osmolality primarily by increasing the turgor
ressure sustained by the cuticle, not urine production.
ndeed the excretory system lacks filtration (e.g., flame cells
nd glomeruli) and storage elements (e.g., bladder) required
or high rates of urine production. Urine expulsion through
he excretory duct can be clearly observed, however, when
he larva undergoes radial shrinkage either shortly before
atching or during dauer maturation (Singh and Sulston,
978; unpublished data). The rate of duct opening during
auer maturation is inversely related to the osmolality of
he medium (Nelson and Riddle, 1984). C. elegans also
dapts to high osmolality (up to 900 mOsM), presumably by
ynthesizing impermeant osmolytes to maintain a positive
urgor pressure (Chamberlain and Strange, 1989).
The excretory system is needed for survival on standard
edia. When the pore, duct, or excretory cell is laser-
blated in C. elegans larva, operated animals slowly bloat
ith fluid and die within several hours (Nelson and Riddle,
984). Cystic mutants may compromise renal function
ndirectly by disrupting channel shape, not active mem-
rane elements. Most mutants grow and reproduce nor-
ally on standard media, but mutants with large cysts
nvolving the entire canal may have insufficient renal
unction. In exc-4, for example, many larvae arrest before
dult, especially on low-osmolality media, while in let-4
nd let-653, none survive beyond the second larval stage.
Canal Outgrowth and Tubulogenesis Are
Mechanistically Coupled
Channel formation is closely coordinated with process
outgrowth in the excretory cell. On a uniform substratum
in vitro, excretory cells form a straight, unbranched canal
with a continuous channel through cell body and process.
On the epidermis in vivo, these cells form a more elaborate,
-shaped system (Hedgecock et al., 1987; Nelson et al.,
1983). In each case, the channel is coextensive with the
process, branching only where the canal itself branches.
Specific cell–matrix interactions are required for the
outgrowth and guidance of the excretory canals (Hedgecock
et al., 1990, 1987). In mosaic animals in which the excre-
tory cell lacks the integrin subunit bPAT-3 (Gettner et al.,
1995; Williams and Waterston, 1994), this cell cannot
extend processes along the epidermis (unpublished data).
Instead, the excretory cell forms a highly convoluted and
branched system of channels with nearly normal cytology
s of reproduction in any form reserved.
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238 Buechner et al.and width, which is contained entirely within the cell body
and collects at the duct. Thus, process outgrowth is not
required for channel formation per se, but may orient the
hannel and suppress branching. Conceivably, the canal
icrotubules mediate between process outgrowth and
hannel formation.
Excretory cysts can interfere with canal elongation. In
ystic mutants, process outgrowth generally begins nor-
ally but halts prematurely. Such inhibition occurs even in
utants with only mild enlargement of the channel; this
uggests that feedback from the channel is necessary for
ontinued growth. In extreme cases, e.g., exc-4 single mu-
ants or exc-3 exc-7 double mutants, even the passive
elongation of the canals in response to epidermal extension
ceases.
Role of the Apical Membrane Domain in
Tubulogenesis
Excretory canal cysts are associated with defects in the
apical membrane cytoskeleton and intralumenal matrix. In
exc-2 and exc-4, for example, these specializations are
reduced or absent over much of the apical surface. This
phenotype might be either a cause or a consequence of cyst
enlargement. The enlarged canals are partitioned into many
individual cysts by thin, incomplete walls of cytoplasm.
These septations reflect a significant enlargement of the
relative area of the apical membrane domain. In the insect
epidermis and related epithelia, the size of this membrane
domain is regulated by the apical membrane protein en-
coded by crumbs (Tepass, 1996, 1997; Wodarz et al., 1995).
In exc-5, material resembling the channel cytoskeleton
ssembles ectopically in the canal cytoplasm. This pheno-
ype, not seen in other mutants, suggests a primary defect
n the apical membrane domain. Adhesion of the canal to
he basement membrane is also interrupted in these mu-
ants. Conceivably, the mispositioned channel material
nterferes with interactions with the laminin-based matrix.
lternatively, these mutants may have a general defect in
aintaining specialized membrane domains including the
asal subdomain of the basolateral surface.
let-653 encodes a predicted secreted protein comprising
two tandem modules related to the plasminogen activation
peptide, a cuticlin-related module, a possible mucin linker,
and a cysteine-rich C-terminus (Jones and Baillie, 1995;
unpublished data). In the vertebrate vascular system, acti-
vation peptide is cleaved from the N-terminus of plasmin-
ogen during plasmin formation (Chapman, 1997; Plow et
al., 1995; Reuning et al., 1998); possibly LET-653 undergoes
imilar proteolytic activation. Cuticlins, a large, highly
onserved family of nematode-secreted proteins, are impli-
ated as cuticle structural components (Favre et al., 1998;
ebastiano et al., 1991); in particular, the cuticlin CUT-1
verlies the lateral epidermis that undergoes radial shrink-
ge during dauer differentiation. Mucins, assorted mem-
rane and soluble glycoproteins forming the mucous barri-
rs on the apical surfaces of internal epithelia, have long
Copyright © 1999 by Academic Press. All righttretches of O-linked oligosaccharides on an extended
olypeptide backbone (Strous and Dekker, 1992; Van den
teen et al., 1998). Filamentous mucins assemble into
etwork polymers stabilized by disulfide bonds, which are
mplicated in molecular filtration, lubrication and defense
gainst infection. Finally, the C-terminal motif has been
ound thus far in LET-653 and several closely related
roteins discovered by genomic sequencing in C. elegans
Sulston et al., 1998).
Cuticlins and mucins are found on the apical surfaces of
xternal and internal epithelia, respectively. From the mu-
ant phenotype, the presumptive mucin LET-653 could be
xpressed in the excretory cell for secretion into the chan-
el. Less likely, it could be made in the gland cell for
ecretion into the excretory sinus; if so, this secretion is
ritical only during embryogenesis, as the gland cell itself is
ispensable at later stages (Singh and Sulston, 1978). In
ither case, LET-653 may incorporate into the intralumenal
atrix of the excretory channel and canaliculi. We propose
his mucin-based matrix has a morphoregulatory role for
he channel, i.e., distributing cytomechanical and hydro-
tatic forces evenly and constraining channel growth to
long the canal axis.
sma-1 encodes a bH-spectrin homolog (McKeown et al.,
1998). Spectrins are a family of filamentous, actin-
crosslinking proteins associated with the plasma mem-
brane of diverse cells (Bennett and Gilligan, 1993; Drubin
and Nelson, 1996). In Drosophila, bH-spectrin localizes to
the apicolateral domain in superficial epithelia, e.g., epider-
mis and ommatidia, and throughout the apical domain in
internal epithelia, e.g., trachea (Thomas et al., 1998). Over-
expression experiments suggest a role for crumbs protein in
tethering bH-spectrin to the epithelial membrane (Wodarz
et al., 1995). From the mutant phenotype, bSMA-1-spectrin
may be a structural component of the excretory channel
cytoskeleton. The products of other cystic loci could in-
clude additional cytoskeletal, membrane, or matrix compo-
nents of the excretory canal channel.
Comparison with Polycystic Kidney Disease
Excretory canal cysts are analogous to the renal epithelial
cysts of vertebrate kidney. The hydrostatic and cytome-
chanical forces acting on these tubules may be quite differ-
ent. In C. elegans, the excretory canals are only 2 mm in
iameter and 1 mm in length, while in human kidney,
ephrons are 14–65 mm in diameter, depending upon the
segment, and over 2 cm in length (Fig. 1). Differences of size
and physiology notwithstanding, we suggest that cysts
could arise by similar mechanisms in these renal tubules.
Epithelial cell growth is closely coordinated with tubulo-
genesis in the vertebrate kidney. In particular, the enlarge-
ment of nephrons to macroscopic size in renal cystic
disease requires sustained cell proliferation. Moreover, in
some transgenic models, renal hyperplasia induced by on-
cogenes or growth factors is sufficient to cause cyst forma-
tion (Aziz, 1995; Lannoix et al., 1996). In nematodes, the
s of reproduction in any form reserved.
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239Genes Causing Nematode Renal Cystsrelationship between cell proliferation and tubulogenesis
presumably changed with the evolution of unicellular ca-
nals. Endoreduplication supports much of the growth of the
epidermal and intestinal epithelia in C. elegans larvae
Hedgecock and White, 1985). The excretory cell, which is
he largest mononucleate cell in the adult, may undergo a
imilar polyploidization.
The elastic basement membrane surrounding each ver-
ebrate nephron limits their reversible enlargement in
esponse to physiological changes in transtubular hydro-
tatic pressure (Welling, 1990). However, there is no
vidence that the basement membrane determines their
nitial size nor prevents the irreversible, cystic enlarge-
ent of normal nephrons (Saxe´n, 1987). In nematodes,
he basement membrane, which only partially surrounds
he excretory canals, may relay tension along the canal
xis, but obviously cannot help balance transtubular
ressure differences.
In polycystic kidney disease, fluid steadily accumu-
ates in nephrons undergoing cystic enlargement (Well-
ng, 1990). It has been frequently proposed that cysts
orm in response to a primary imbalance in fluid filtra-
ion and secretion over absorption and outflow. There is
o evidence that urine outflow is actually obstructed in
ost small or medium size cysts, nor that transtubular
ydrostatic pressure is significantly elevated. It remains
ossible, however, that a mild, chronic fluid imbalance
lays a role in cyst pathogenesis (Brill et al., 1996; Wilson
t al., 1991). Similarly, in nematodes, excretory canal
ysts likely reflect a defective response to ordinary hy-
rostatic and osmotic forces on the tubule, not a primary
efect of renal physiology.
Polycystins, a family of presumptive membrane chan-
el proteins, have been implicated in autosomal domi-
ant polycystic kidney disease (Burn et al., 1995;
lu¨cksmann-Kuis et al., 1995; Hughes et al., 1995;
ochizuki et al., 1996). The extracellular and intracellu-
ar domains of these proteins could be important for
ocalizing the channel or gating its activity (Bycroft et al.,
1999; Kim et al., 1999; Moy et al., 1996; Parnell et al.,
998; Qian et al., 1997). The polycystin PKD1 is found on
oth the basolateral and apical surfaces of renal epithelial
ells in the developing kidney (Geng et al., 1996; Griffin
t al., 1996; Ibraghimov-Beskrovnaya et al., 1997; Palsson
t al., 1996; Peters et al., 1996; Van Adelsberg et al., 1997;
Ward et al., 1996; Weston et al., 1997). Two homologues
to polycystins (on cosmid ZK945, and on YAC Y40H7)
have been discovered by genomic sequencing (Sulston et
al., 1998). The polycystin ZK945.9/.10 has a mucin-like
extracellular domain, suggesting a role on mucosal (api-
cal) surfaces. We suggest that polycystins on the apical
surface could help inflate the epithelial lumen and regu-
late its shape. In particular, they might act in concert
with the morphoregulatory genes described here during
renal tubulogenesis.
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